Abstract: Italian cuisine and its traditional recipes experience an ever-increasing popularity around the world. The "Integrated Approach" is the key to modern food research and the innovative challenge for analyzing and modeling agro-food systems in their totality. The present study aims at applying and evaluating Fourier Transformed Infrared (FTIR) spectroscopy for the analysis of complex food matrices and food preparations. Nine traditional Italian recipes, including First courses, One-dish meals, Side courses, and Desserts, were selected and experimentally prepared. Prior to their analysis via FTIR spectroscopy, the samples were homogenized and lyophilized. The IR spectroscopic characterization and the assignment of the main bands was carried out. Numerous peaks, which correspond to functional groups and modes of vibration of the individual components, were highlighted. The spectra are affected by both the preparation procedures, the cooking methods, and the cooking time. The qualitative analysis of the major functional groups can serve as a basis for a discrimination of the products and the investigation of fraud. For this purpose, the FTIR spectra were evaluated using Principal Component Analysis (PCA). Our results show how the utilization of vibrational spectroscopy combined with a well-established chemometric data analysis method represents a potentially powerful tool in research linked to the food sector and beyond. This study is a first step towards the development of new indicators of food quality.
Introduction
Currently, food research is focusing not only on the chemical characteristics and functions of individual foods and/or food components, but is also aimed at understanding their combination in dishes, meals, and diets for a more complete and real assessment of their nutritional impact. In fact, studies on the interactions between individual food components and/or between the different ingredients of cooked and composite dishes seem to play a greater role in the concept of "food synergy" and in reconsidering the total food matrix as a variable of health interest [1] .
Italian cuisine and its traditional recipes represent a great legacy of tradition and culture for the country becoming more and more popular all over the world for its great quality, abundance, and variety of food preparations. The Italian culinary traditions are typically Mediterranean, based on cereals, vegetables, fruit, fish, and, in particular, olive oil. Strongly influenced by gastronomic traditions, FTIR spectroscopy represents a rapid, less destructive, and high-throughput method for the analysis of food products. It provides simplified handling and it enables the samples being examined directly in their original state. The FTIR method has successfully been used for food composition determination, food distinction/differentiation, and food authentication in several food matrices [29, 30] . Karoui et al. [31] described the application of IR spectroscopy and chemometric data analysis to different food groups: dairy products, meat and meat products, fish, edible oils, cereals and cereal products, sugar and honey, fruit and vegetable, and coffee. Their focus was on the analysis of intact food systems and the exploration of their molecular structure-quality relationships. Franca and Olivera [32] gave a critical overview of the application of FTIR in food processing and engineering. However, only a few studies have used FTIR spectroscopy to analyze composite dishes [31, 32] . To make an important step beyond the published work, the present study aims at applying and evaluating FTIR spectroscopy for the analysis of some Italian complex food matrices and food preparations. The objectives include (1) qualitative analysis of the major functional groups and (2) discrimination analysis by applying PCA to the FTIR data set in order to test whether or not a classification is possible. In previous studies [10, 33] , the focus was on traditional analytical methods to determine the proximate composition and the dietary intake evaluation. In contrast, the present work aims at applying an integrated analytical approach for classification of these dishes as reported for the case study of the Béchamel sauce [13] .
Materials and Methods

Selection of Recipes and Experimental Preparations
Nine traditional Italian recipes, including First courses, One-dish meals, Side courses, and Desserts, as shown in Table 1 , were selected and experimentally prepared [10, 33] in a dedicated lab-kitchen following a validated and standardized protocol developed within the EuroFIR Network [34] . Mix eggs, Pecorino cheese, salt, and pepper to become a creamy mixture. Meanwhile, brown the bacon in a pan. Boil the pasta in salted water, drain and add it to the bacon, and then remove the pan from the heat. Finally, pour the egg mixture onto the pasta and mix until the cream thickens slightly. Melt the butter in a pan with the grated lemon and orange peels. Add the cooked wheat and milk, simmer until it becomes a cream. Allow to cool. In a bowl, mix the ricotta with the sugar and the egg yolks, add to the mixture the cream of cooked wheat, the candied citron, orange flower water, and vanillin, and finally the beaten egg whites. Roll out the pastry and place it in a buttered cake tin. Pour the mixture and decorate with crossed strips of shortcrust pastry. Bake in a preheated oven at 180 • C until it becomes a nice amber color.
In detail, for every selected recipe, a document collection was carried out from the most popular and traditional cookbooks in Italy (Il cucchiaio d'argento; La cucina italiana, etc). A "standard recipe" was identified and one "preparation protocol" was elaborated to just establish ingredients, amounts, preparation, and cooking techniques (time, temperature, utensils, etc.). The sampling plan considered the collection of single ingredients in different retail stores and supermarkets. Ingredients were purchased by collecting the main food brands and/or varieties of the same product. Each individual food brand (primary sample) for every ingredient (secondary sample) was properly weighed and then combined to make an aggregate sample (pool) before using it for the preparation of the final dish (laboratory sample). The dish was assembled and cooked by trained personnel according to the "preparation protocol" of the "standard recipe". For this purpose, common household methods and utensils were used. Two independent batches (about 2 kg for each composite dish) were produced in different periods. After cooking, the prepared dishes were weighed once more. Then, they were homogenized, frozen at −30 • C, and then lyophilized for the FTIR analysis. The lyophilization guarantees the homogenization and uniformity of the samples. In addition, this method allowed an optimal storage to protect the sample from oxidation, contamination, or other potential effects [34, 35] .
FTIR-ATR Analysis
The FTIR spectra were recorded on a Nicolet iS10 FT-IR spectrometer equipped with a diamond crystal cell for attenuated total reflection (ATR) operation. The spectra were acquired (32 scans per sample or background) in the range of 4000-650 cm −1 at a nominal resolution of 4 cm −1 . The spectra were corrected using the background spectrum of air. The analysis was carried out at room temperature. For a measurement, a lyophilized sample was placed onto the surface of the ATR crystal. Before acquiring a spectrum, the ATR crystal was carefully cleaned with wet cellulose tissue and dried using a flow of nitrogen gas. The cleaned crystal was checked spectrally to ensure that no residue was retained from the previous sample. The spectrum of every sample was collected 5 times to check the reproducibility and do a statistical analysis. It should be noted that the individual spectra of the same dish varied to some extent, up to variations in the absorbance values of 30%. However, the characteristic signatures remained very similar so that averaged spectra are shown in the following.
Qualitative Analysis of the Spectra
As a first step, the FTIR spectra were analyzed with respect to the spectral band positions to identify the signatures of the major functional groups. An assignment of the main bands was carried out by analyzing the acquired spectra and by comparing them with those in the literature.
Multivariate Analysis of the Spectra
The application of PCA to the FTIR spectra was carried out in the second step. The evaluation algorithms were implemented in Matlab using the princomp routine. PCA is a purely mathematical and unsupervised procedure, which is aimed at the most meaningful representation of a data set. For this purpose, the dimensionality of the data matrix is reduced and the relevant information is extracted. In a first step, the covariance matrix of the initial data matrix is calculated. Then, the eigenvalues and eigenvectors of this covariance matrix are determined. Thirdly, the eigenvectors are sorted with respect to their variance. The eigenvector with the largest eigenvalue shows the most variance in the data set and is thus called the first principal component (PC1), and so on. In this procedure, the signal variance is a measure for the relevance of the information stored in the data set. The implemented diagonalization of the covariance matrix results in a decomposition of the original data matrix into the loadings and the scores. The scores represent the initial data in the new dimensional space spanned by the principal components. The loadings are the eigenvectors of the matrix. In other words, they represent the contribution of the original data to creating the principal components. Samples displayed in the new space show closer positions when they have a strong relationship. The resulting scores plot can be used for a classification of the data set.
In practice, the purpose of unsupervised methods is to find groups of samples, which have related features, to allow their separation into different classes. PCA is the most widespread unsupervised tool in the field of food [36] .
Results and Discussion
Qualitative Analysis
FTIR spectroscopy can be defined as a "fingerprint analytical technique" for the structural identification of compounds considering that no two chemical structures will have the same FTIR spectrum [37] . FTIR provides a characteristic signature of chemical or biochemical substances present in the sample by featuring their molecular vibrations (stretching, bending, and torsions of the chemical bonds) in specific infrared regions. Figures 1-4 show the FTIR spectra of the experimental preparations, grouped as First Course (Spaghetti alle vongole, Pasta alla amatriciana, Pasta alla carbonara), One-dish meals (Parmigiana di melenzane, Gâteau di patate), Side courses (Carciofi alla romana), and Desserts (Pan di Spagna, Torta di mele, Pastiera).
The spectra contain a multitude of bands that are more or less characteristic of food samples. The spectra are affected by the preparation procedures, the cooking methods, and the cooking time.
In the spectra displayed, the specific bands characteristic of the dishes are highlighted and assigned as follows.
The FTIR spectra show bands associated with the main classes of organic molecules. The band at 3289 cm −1 is characteristic of NH and OH stretching vibrations. The region of 2923-2853 cm −1 can be assigned to the symmetrical and asymmetric stretching modes of the CH 3 and CH 2 groups. The 1745 cm −1 band corresponds to the stretching of the C=O ester carbonyl or carboxylic acid groups, which are characteristic of fatty acids. The amide I band at 1645 cm −1 results from the C=O stretching in the amides I, II, and III, while the amidic band II at 1545 cm −1 originates from the bending vibrations of the N-H groups. The IR region from 1500 to 800 cm −1 is commonly referred to as the "fingerprint" region, which includes bands corresponding to the vibrations of the C-O, C-C, C-H, and C-N bonds [38] . This region is, on the one hand, very rich in information, but, on the other hand, difficult to analyze due to its complexity. This area provides important information about organic compounds, such as sugars, alcohols, and organic acids, present in the sample. The spectra contain a multitude of bands that are more or less characteristic of food samples. The spectra are affected by the preparation procedures, the cooking methods, and the cooking time. In the spectra displayed, the specific bands characteristic of the dishes are highlighted and assigned as follows.
The FTIR spectra show bands associated with the main classes of organic molecules. The band at 3289 cm −1 is characteristic of NH and OH stretching vibrations. The region of 2923-2853 cm −1 can be assigned to the symmetrical and asymmetric stretching modes of the CH3 and CH2 groups. The 1745 cm −1 band corresponds to the stretching of the C=O ester carbonyl or carboxylic acid groups, Concerning the First courses, the peaks observed (Figure 1) at 1015, 1077, and 1149 cm −1 in all three dishes are related to the C-O-C stretching and CO(-COH) stretching of starch [39] . Li et al. [39] describes how these three peaks were observed to have increased significantly in gluten proteins of cooked noodles. This reflects the presence of residual starch in the samples, and it is potentially induced by the increased connectivity between proteins and starch during cooking. The peak found at 850 cm −1 is assigned to the aromatic C-H out-of-plane deformation, and the peak at 759 cm −1 probably corresponds to the S-N stretching mode [40] . Basically, FTIR spectroscopy can also be used to observe changes in the secondary structure of gluten proteins [41, 42] . For all First Courses samples, there are peaks at 1645 and 1539 cm −1 , which are likely assigned as the amide bands I and II, respectively. Interestingly, Li et al. [42] described how the absorption intensity of the peak at 1655 cm −1 increased during the mixing, resting, and sheeting processes of noodles, whereas it decreased again during cooking. Another typology of FTIR application on pasta, and widely described for cereal-based products [43] , is given by Kamil et al. [44] , who used FTIR spectroscopy as a tool for detecting the adulteration of pasta.
As reported in Figure 2 , one-dish meals were represented by Gâteau di patate and Parmigiana di melenzane. Concerning potato-based food products, other authors have applied FTIR spectroscopy to potato chips [45] [46] [47] and mashed potatoes [48] . In addition, studies of the surface of potato tubers [49] and a potato peel extract [50] or its starch-component [51, 52] have been reported. Sivakesava and Irudayaraj, [45] applied Fourier transform infrared photoacoustic spectroscopy (FTIR-PAS) for analyzing potato chips. They monitored the changes in chemical groups related to the fat and oil treatment of home-made chips during heating at 80 • C. The authors showed that when oxidation proceeded, the band near 3005 cm −1 decreased at a rate that was dependent on the nature of the oil used to fry the potato chips. This band was assigned CH groups at a cis double bond. It disappeared completely with the progressing oxidation in the samples fried for 30 s, suggesting isomerisation of the oils in the potato chips. Under oxidative conditions, a peculiar behavior was observed. There was a decrease of the band of the ester carbonyl functional group of the triglycerides (1749 cm −1 ). In addition, a decrease of the bands from the bending vibrations of the CH 2 and CH 3 aliphatic groups (1464 and 1375 cm −1 ) was observed. Against the intuition, there was no change of the bands at 1239 and 1160 cm −1 during the oxidation process. The band at 1099 cm −1 , on the other hand, decreased in the presence of oleic acyl groups, while the overlapping of the methylene rocking vibration and the out-of plane bending vibration of the cis-disubstituted olefins observed at 721 cm −1 did not change after heating. Concerning the main ingredient of Parmigiana di melanzane, some authors have previously investigated the FTIR application on eggplant peel extract [53] .
The only representative of Side dishes is the Carciofi alla romana dish. Concerning artichoke, the main ingredient of Carciofi alla romana, previous studies were focused on artichoke fiber [54] , inulin [55] , and pectin [56] . Fiore et al. [54] have described the characteristic bands of artichoke fiber, extracted from the stem of a plant. Recently, Ceylan et al. [56] have examined structural features of isolated pectin from different sections of globe artichoke and the industrial waste using FTIR spectroscopy, monitoring the process-dependent structural changes in the molecular structure of pectin molecules. In a recent work of Wang et al. [57] , the authors monitored the effects of the heating rate on the fast pyrolysis behavior and on the product distribution of Jerusalem artichoke stalk by using TG-FTIR and Py-GC/MS.
As shown in Figure 3 , the peaks observed at 1615, 1539, 1403, 1027, and 815 cm −1 are attributed to the presence of chlorogenic acid and caffeoylquinic acid. Other research groups [58] [59] [60] underlined how spectral features in the wavenumber region of 1700−1600 cm −1 and 1300−800 cm −1 have an important role in further characterizing chlorogenic acid isomer composition. In particular, Liang et al. [60] assigned the spectral features of pure chlorogenic acid isomer standards as follows: The peak at 809 cm −1 was attributed to cyclohexane C-O twisting; the peaks at 1120 and 1165 cm −1 are related to cyclohexane CH, C-OH bending, and the phenyl ring bending vibration, respectively; the peak at 1276 cm −1 is due to phenyl CH rocking vibrations; the peak at 1605 cm −1 was assigned to the phenyl ring stretching; and the peak at 1627 cm −1 was attributed to C=C ethylenic stretching.
In the spectra of the desserts (Figure 4 ), the region of 1500-900 cm −1 contains the signals of the main monosaccharides, such as fructose and glucose, and disaccharides, such as sucrose. These peaks exhibit high intensities as can be expected. In particular, the region of 900-750 cm −1 corresponds to an abnormal saccharide configuration [61] . Several authors studied the peaks characterizing the sugar fraction [62] [63] [64] . In detail, the peak at 921 cm −1 corresponds to the typical bending of C-H of carbohydrates, and the peaks at 1038 cm −1 and 1238 cm −1 correspond to the stretching of C-O in the C-OH group and to the C-C stretching of the carbohydrate structure, respectively. Moreover, the peak at 1104 cm −1 corresponds to the C-O stretching of the C-O-C bond and the peak at 1343 cm −1 is due to the O-H bending of the C-OH group. The peak at 1417 cm −1 is a combination of the O-H bending of the C-OH group and the C-H bending of the alkenes.
An example of a previous application of FTIR to desserts is given by Syahariza et al. [31] , who detected lard adulteration in cake formulations.
Multivariate Data Analysis
In the second part of this study, the FTIR spectra were analyzed using PCA. This approach is commonly utilized for a classification of the data set. It must be admitted that the different dishes investigated in this study can also be discriminated by the naked eye before they are homogenized and lyophilized. However, as an important step towards using FTIR and PCA for the detection of potential fraud, e.g., the use of low quality ingredients in expensive products, we tested if the method is capable of distinguishing between the different dishes. In future work, the discrimination of samples from one type of dish prepared in different ways will be the aim.
In the first step, the full spectra were analyzed. The resulting score plot (not shown) revealed that most of the dish types grouped together. However, the spectra of the Spaghetti alle vongole appeared among the data point cloud of the desserts, and hence an unambiguous classification was not possible. Therefore, we applied the PCA to selected wavenumber ranges in the second step. Considering the CH/OH stretching range (4000-2700 cm −1 ), the resulting score plot revealed a similar behavior as the full spectra. In contrast, feeding the fingerprint region (2000-650 cm −1 ) into the PCA algorithm leads to a different situation. Figure 5 displays the resulting score plot, in which a clear classification can be observed. Models developed from FTIR spectra using the fingerprint region resulted in models with superior discriminative performance. In our analysis, only the first three Principal Components (PCs) were considered as they cover most of the variance of the data set and their loading plots exhibit a reasonable signal-to-noise ratio, which indicated that they are meaningful. It should be noted that the wavenumber ranges were not optimized in any way to avoid the need for a priori knowledge in the data evaluation. 
Conclusions
This study provided spectroscopic fingerprint signatures of the most representative functional groups of some traditional Italian recipes. Numerous peaks, which correspond to functional groups and vibrational modes of the individual ingredients, were identified. Moreover, effects of the preparation procedures, cooking methods, and cooking time were observed. In detail, this study reported an FTIR approach for the discrimination of nine different traditional Italian dishes, which can be clearly grouped into four subtypes using principal component analysis (PCA). According to their characteristic FTIR signatures, an unambiguous classification of the food groups was possible, enabled by their distinctive ingredients. This underlines that FTIR spectroscopy in the fingerprint region combined with chemometric data analysis in terms of PCA represents a powerful tool for the reliable discrimination between composite dishes. This is a very promising outcome as it provides further support for our hypothesis that the combination of FTIR and multivariate data analysis is a suitable means of product discrimination, a tool for continuous product quality monitoring in the food processing industry, and a method for the detection and investigation of fraud. Since the rather simple PCA algorithm already shows a satisfactory performance, other, more complex approaches, such as artificial neural networks (ANN), will likely perform even better.
The mid-term aim of our research is to utilize spectroscopic data sets and the information extracted from them by multivariate methods as new indicators of food quality. This approach will certainly not be limited to food as it is easily transferable to other sectors. 
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